A luminous X-ray source is associated with MGG 11-a cluster of young stars ,200 pc from the centre of the starburst galaxy M 82 (refs 1, 2). The properties of this source are best explained 3,4 by invoking a black hole with a mass of at least 350 solar masses (350 M ( ), which is intermediate between stellar-mass and supermassive black holes. A nearby but somewhat more massive cluster (MGG 9) shows no evidence of such an intermediatemass black hole 1, 3 , raising the issue of just what physical characteristics of the clusters can account for this difference. Here we report numerical simulations of the evolution and motion of stars within the clusters, where stars are allowed to merge with each other. We find that for MGG 11 dynamical friction leads to the massive stars sinking rapidly to the centre of the cluster, where they participate in a runaway collision. This produces a star of 800-3,000 M ( ; which ultimately collapses to a black hole of intermediate mass. No such runaway occurs in the cluster MGG 9, because the larger cluster radius leads to a mass segregation timescale a factor of five longer than for MGG 11.
A luminous X-ray source is associated with MGG 11-a cluster of young stars ,200 pc from the centre of the starburst galaxy M 82 (refs 1, 2) . The properties of this source are best explained 3, 4 by invoking a black hole with a mass of at least 350 solar masses (350 M ( ), which is intermediate between stellar-mass and supermassive black holes. A nearby but somewhat more massive cluster (MGG 9) shows no evidence of such an intermediatemass black hole 1, 3 , raising the issue of just what physical characteristics of the clusters can account for this difference. Here we report numerical simulations of the evolution and motion of stars within the clusters, where stars are allowed to merge with each other. We find that for MGG 11 dynamical friction leads to the massive stars sinking rapidly to the centre of the cluster, where they participate in a runaway collision. This produces a star of 800-3,000 M ( ; which ultimately collapses to a black hole of intermediate mass. No such runaway occurs in the cluster MGG 9, because the larger cluster radius leads to a mass segregation timescale a factor of five longer than for MGG 11.
Using the Keck NIRSPEC spectrometer, McCrady et al. 5 have made accurate measurements of the bulk parameters of MGG 11 and MGG 9, two of the brightest star clusters in the central region of M 82. Figure 1 shows X-ray 3 and near-infrared 5 images of the area of interest around the two clusters. The relative positional accuracies of both sets of observations are better than 1 arcsec. However, the absolute pointing accuracy is much poorer, for both telescopes. Although apparently off-centre, the positions of the star cluster MGG 11 and the bright X-ray source are in fact consistent with one another (D. Pooley, personal communication :7Þ £ 10 5 M ( for MGG 11, and about four times higher for MGG 9. In young dense clusters like MGG 11, supermassive stars may form through repeated collisions [6] [7] [8] . The collision rate will be greatly enhanced if massive stars have time to reach the core before exploding as supernovae 9 . Dynamical friction implies a characteristic timescale t df for a massive star in a roughly circular orbit to sink from the half-mass radius R to the cluster centre 10 :
Here kml and M are the mean stellar mass and the total mass of the cluster, respectively, N is the number of stars, and G is the gravitational constant. For definiteness, we have evaluated t df for a 100 M ( star. Less-massive stars undergo weaker dynamical friction, and thus must start at smaller radii in order to reach the cluster centre on a similar timescale. For MGG 11, we find t df < 3 Myr, which is comparable to the main-sequence lifetimes of the most massive stars. On the other hand, for MGG 9, t df < 15 Myr. Thus, massive stars in MGG 11 can easily reach the centre of the cluster before exploding as supernovae, whereas those in MGG 9 do not. Given the high central density of MGG 11, its massive stars, once accumulated in the cluster centre, cannot avoid a runaway collision 6 . We have tested this scenario by carrying out star-by-star simulations of MGG 11 and MGG 9 using two independently developed N-body codes, Starlab 11, 12 and NBODY4 (refs 13, 14) . A more extensive discussion of those simulations is presented as Supplementary Information. Briefly, we choose the initial conditions of our model clusters so that today, at an age of 7-12 Myr, they have mass functions, luminosities, half-mass radii and velocity dispersions in agreement with the McCrady et al. observations. As we do not know either the initial or the current central densities of either cluster, the concentration c is treated as a free parameter controlling the initial central density of our model clusters. (The concentration parameter is defined as the logarithm of the ratio of the core radius to the tidal radius: c ; logðR t =R c Þ:Þ We find that, for c . 2 (which for 'King' 15 models is equivalent to a dimensionless central potential W 0 * 9Þ; our MGG 11 models do indeed show runaway growth via repeated collisions. Figure 2 presents, for several such simulations, the growth in mass of the star that would ultimately become the most massive star in the cluster. We will refer to this star simply as 'the runaway star'. On the basis of detailed supernova calculations, we assume that stars having masses . 260 M ( collapse to black holes without significant mass loss in supernova explosions 16 . Our stellar evolution models for 27 . A recently discovered 54.4^0.9 mHz quasi-periodic oscillator is not shown because of its low (7 arcsec) positional accuracy 4 , but its position is consistent with the X-ray source in MGG 11. A millimetre source 28 roughly centred around the two clusters is not shown either, because it is a large shell-like structure with a diameter of ,14 00 £ 9 00 . RA, right ascension; dec., declination.
stars with masses between 50 and 1; 000 M ( are based on detailed calculations for such high-mass stars 17, 18 . The quantitative differences evident in Fig. 2 between the simulations performed with Starlab and those using NBODY4 are due mainly to the different radii assumed for the runaway star in those two packages. Stars of masses * 100 M ( in NBODY4 are larger (in a time-averaged sense) by about a factor of 3 compared with those in Starlab. (More details are provided in Supplementary Information.) Because gravitational focusing dominates the collision cross-section, this difference propagates linearly in the collision rate, explaining the factor ,3 difference in the final mass of the runaway star. Apart from this effect, we find that our qualitative results are quite insensitive to the details of the adopted evolution prescription.
For MGG 11, the runaway star typically experienced a total of ,10-100 collisions. Most of them occurred during the first 3 Myr; that is, before the star became a black hole. The collision counterparts are usually 30-50 M ( main-sequence stars. By the time the runaway star collapsed to a black hole it had reached a mass of 800-3; 000 M ( : Later the black hole may capture a companion star to become an ultraluminous X-ray source 19 . No episode of runaway growth was seen in our MGG 11 models with c , 2, nor in any of the MGG 9 simulations, regardless of initial concentration. Thus we see very clearly that differences in bulk parameters, specifically the dynamical friction timescale for the most massive stars, can readily explain why MGG 11 might host an intermediate-mass black hole (IMBH) whereas MGG 9 does not. Simulations of MGG 11 with c . 2 ðW 0 * 9Þ reached core collapse 20 before 1 Myr. Models with c , 2 ðW 0 & 8Þ also showed some increase in central density, but the maximum density was much lower (and occurred later) because the collapse was stopped by supernova mass loss after ,3 Myr. Thus, a collision runaway could not occur in these clusters. Figure 3 summarizes the results of our simulations, illustrating how both high initial concentration and short dynamical friction timescales are needed to lead to a collision runaway. In addition to the parameters for MGG 9 and MGG 11, we also indicate on the figure the location of the young star cluster [W99]1 (ref. 21) , one of several star clusters in the Antennae system for which accurate structure parameters have been determined 22 . Its parameters are similar to those of MGG 9. The cluster [W99]1 has a bright X-ray point source (luminosity L 0.2-10 keV < 10 38.7 erg s 21 ) as a counterpart 23 , the luminosity of which is consistent with a 'normal' highmass X-ray binary containing a magnetized neutron star or a stellarmass black hole 23 . Star clusters such as MGG 11, MGG 9 and [W99]1 are richly populated with black holes and neutron stars-on the basis of our adopted mass function, we expect these clusters to contain some 1,400 stellar-mass black holes and up to about 1,000 neutron stars. The formation of an ordinary high-mass X-ray binary is therefore not surprising.
The relevant parameters of five other young clusters in the Antennae 22 all fall far to the right of Fig. 3 and are therefore not expected to contain IMBHs. This is consistent with the absence of ultraluminous X-ray sources in these clusters. The Milky Way contains (at least) four young dense star clusters, of which the Arches, Quintuplet and NGC 3603 have the right conditions for multiple stellar collisions to occur. However, the relatively small number of stars in these systems may prevent the growth of an object massive enough to collapse to an IMBH. In any case, these clusters are currently too young to have experienced any supernovae. The slightly older star cluster Westerlund 1 (ref. 24 ) is sufficiently massive, and fulfils the criteria for producing an Figure 2 The growth in mass of the collision runaway star with time. The choice of initial concentration is labelled by the central potential, where W12(9) implies W 0 ¼ 12 (9) . For both choices, the top curves give the NBODY4 results, and the bottom curves the Starlab results. The runaway masses in NBODY4 are larger, because that code adopts larger stellar radii, as discussed in Supplementary Information. The star symbols indicate the moment when the runaway experiences a supernova, typically around 3 Myr. The open and filled stars indicate simulations performed with NBODY4 and Starlab, respectively. The solid and dashed curves show M r for a Salpeter 29 initial mass function (IMF) with a lower limit of 1 M ( and c < 2.1 (W 0 ¼ 9) and c < 2.7 (W 0 ¼ 12). The dash-dotted curves are for two models with W 0 ¼ 9 with an upper limit to the IMF of 50 M ( , instead of the standard 100 M ( used in the other calculations; we terminated these runs at the moment the runaway star experiences a supernova. The dash-three-dotted curve shows the result for W 0 ¼ 12 with a Salpeter IMF and with 10% primordial binaries. Finally, the dotted curve shows results for W 0 ¼ 9 and a Kroupa 30 IMF with a minimum mass of 0.1 M ( , in a stimulation with 585,000 stars. The observed age range of MGG 11 and MGG 9 is indicated by the horizontal bar. Figure 3 The area of parameter space for which runaway collision can occur, and where the process is prevented. Conditions for runaway merging are identified through our simulations in the {t df , c} plane, where t df is the dynamical friction timescale for 100 M ( stars, and c the cluster concentration parameter. The horizontal error bars for the initial conditions for MGG 9 and MGG 11 reflect errors in the observed cluster mass and projected half-light radius 5 . The best fit for the concentration parameter of the Antennae star cluster [W99]1 is indicated by a vertical bar near t df < 17 Myr; the horizontal error bar reflects the uncertainty in the measured cluster mass and radius 22 . Filled circles indicate simulations resulting in runaway merging, while open circles correspond to simulations in which no runaway merging occurred. The evolution of the mass of the runaway for the two leftmost filled circles are presented in Fig. 2 , for a variety of initial conditions. Star clusters in the upper left corner enclosed by the dashed line are expected to host an IMBH formed by the runaway growth of a single star. In the other parts of the diagram (lower concentration and/or larger dynamical fiction time), an IMBH cannot form by this process. R t , tidal radius; R c , core radius. IMBH via the process described above. So far, no bright X-ray source has been found in this cluster.
On the basis of theoretical considerations, supported by extensive numerical simulations, we have shown that an IMBH of mass , 800-3; 000M ( is expected to form through runaway collisions in the star cluster MGG 11, but not in MGG 9. The requirement for the formation of such an IMBH in MGG 11 is that the cluster was born with c * 2 and t df & 4 Myr: Although high by the standards of typical open and globular clusters observed in our Galaxy, such a density is not uncommon among young (&3 Myr old) star clusters. Examples include NGC 3603 (c $ 2.08) 25 in the Milky Way, and R 136 in the 30 Doradus region of the Large Magellanic Cloud 26 . We propose that the IMBH thus formed is the origin of the ultraluminous L 0.2-10 keV < 10 41 erg s 21 X-ray point source seen at the position of MGG 11.
A 
